We use molecular dynamics simulations with the DREIDING force field to predict the molecular structure of thin PMMA slabs and characterize their properties. The slabs are created by uniaxial deformation of bulk samples at a high temperature followed by a relaxation and annealing to room temperature. Our simulations predict a free surface energy of ∼0.1 J m −2 in good agreement with experimental measurements and a density away from the free surfaces similar to that of the bulk. We find that mechanical constraints during annealing affect the molecular structure of the slabs and their free surface energy; slabs composed of molecular chains elongated along the surface normal exhibit lower surface energies than those with isotropic chain structures.
Introduction
Understanding how specimen size and processing affect the thermo-mechanical response of amorphous polymers is critical to understand and, eventually, optimize nanocomposites and foams. These relatively new materials are interesting for a range of applications including nanoelectronics and electromagnetics, solar cells [1, 2] , infrared sensors [3] , electrolytes [4] , microwave-absorbing and electromagnetic interference shielding [5, 6] . Good thermomechanical properties also open opportunities in automobile [7] and aerospace applications, coatings [8] , flame retardants [9] and packaging [10] .
The molecular structure of thin films present in nanocomposites and foams is likely to be different from those in bulk samples not only due to the presence of free surfaces and interfaces but also due to processing and thermal history [26, 27] . Understanding how these variables affect the molecular structure and, consequently, the properties of thin films would contribute to a more fundamental understanding of these materials.
Atomistic simulations play an increasingly important role in understanding the structure and physics of polymers. For example, molecular dynamics (MD) simulations provided insight into the role of size in the mechanical response of nanoscale polymer samples [11] and contributed to the characterization of the heterogeneous distribution of local dynamic mechanical properties of glassy polymer thin films [12] . These simulations also helped in establishing firm relationships between molecular structure and properties; for example, polymer chain orientation effects on anisotropic plasticity [13] have been studied and so has the effect of entanglement density on strain hardening of polymer glasses [14] . While restricted to relatively small sizes and short timescales, these atomistic level simulations provide insight and quantitative information that can be used in continuum level models capable of achieving scales of interest in most real applications [28] .
In this paper, we characterize the molecular structure, thermal properties and energetics of PMMA films obtained by drawing a bulk sample in the molten state and subsequently subjecting it to various thermal histories. The rest of the paper is organized as follows: computational details are included in section 2 and in section 3 we describe the generation of slabs and their annealing procedure. Results about structures and properties of PMMA slabs are covered in sections 4 and 5. Finally, discussion and conclusions are drawn in sections 6 and 7.
Computational details
All simulations use LAMMPS, a parallel MD simulation code from Sandia National Laboratories [15, 16] . The DREIDING force field [17] is used to describe the interaction between atoms in terms of covalent, van der Waals and electrostatic interactions. Partial atomic charges for electrostatics are obtained using the Gasteiger method [18] . We study two system sizes: (i) a small simulation cell containing five 96-monomer-long PMMA chains, leading to 7210 atoms and measuring approximately 4.13 nm on the side; and (ii) a larger cell with forty 96-monomer-long chains, with 57 680 atoms and 8.27 nm on the side. The initial bulk configurations were constructed at T = 500 K using the amorphous polymer builder of the commercial software MAPS [24] . All systems contain 80% of syndiotactic and 20% of atactic chains. These same structures were used previously to characterize the yield in PMMA under various loading conditions [23] . Similar structures can be built in the website with PolymerModeler [29] . Three-dimensional periodic boundary conditions are imposed on all systems. We use a time step of 4 fs to integrate the equations of motion with a RESPA multi-step algorithm that results in 1 fs updates for bond stretch, 2 fs for angles, dihedrals and improper forces and 4 fs for the van der Waals force and k-space calculations. As explained in section 3, slabs are created via deformation at high temperatures and the resulting systems are then annealed to room temperature. Temperature is adjusted with a Nose-Hoover thermostat with 0.4 ps coupling constant and pressure with a Nose-Hoover barostat with 4 ps coupling constant for the simulations. During this process a cutoff of 12.0 Å is used for non-bond interactions. A final thermalization using the more accurate but computationally more intensive particle-particle particle mesh (PPPM) solver with an accuracy of 10 −4 kcal mol −1 Å −1 to handle long-range electrostatics is performed to quantify the effect of long-range interactions on free surface formation energy.
Generation of slabs and their annealing
This section describes the process used to create PMMA slabs via mechanical deformation. Section 3.1 describes the formation of slabs at high temperatures and their thermalization and section 3.2 describes the annealing of the samples. 
Slab formation and relaxation
Deformation process. The periodic, bulk samples described above are thermalized at T = 600 K for 200 ps. The liquid samples are then uniaxially deformed along the z direction up to 600% engineering strain while keeping the cell lengths in the transverse directions constant. This deformation is done continuously (at every MD step) and with two different strain rates for the small system for the large system (57 680 atoms). The snapshots in figure 1 show the deformation process, including the nucleation and growth of voids and eventually the formation of a PMMA slab. The process of slab formation via mechanical deformation in the melt is akin to that used to synthesize polymer foams; see [21, 22] for polyimide foam synthesis from powder precursors. The resulting structures are thermalized at T = 600 K for an additional time under constant volume and temperature conditions: 2400 ps for the large system, 400 ps for the small system deformed at 1.45 × 10 10 s −1 strain rate and 800 ps for the small system at 0.72 × 10 10 s −1 . This time is enough for all polymer chains to coil back into a single slab and achieve an isotropic chain orientation distribution. Figure 2 shows the longitudinal and transverse stresses as a function of strain during the deformation process. We see that for the fastest deformation rate the stress along the longitudinal direction is larger than the transverse one indicating that the liquid is not able to achieve mechanical equilibrium at such high rates. On the other hand, for the rate of 0.72 × 10 10 s −1 the stress state of the system remains approximately hydrostatic throughout the simulation.
Slab annealing
After deformation and thermalization at T = 600 K the various structures are cooled down to room temperature. The systems are cooled down using two procedures: (i) isobaric, isothermal MD (NPT ensemble) involving 25 K steps and 100 ps simulations at each temperature with zero stress along x and y directions (equal to the stress normal to the free surfaces) and (ii) isochoric, isothermal conditions (NVT) with a rate of 10 K every 200 ps. For comparison and to obtain surface energies, bulk systems (with 3D periodic boundary conditions) were also cooled down to room temperature using 25 K/100 ps and 10 K/200 ps rates under isobaric conditions. We performed an additional set of simulations to quantify the importance of longrange interactions during annealing. The slab and bulk systems with 57 680 atoms were cooled down from 600 to 300 K using the same NPT protocol with a cooling rate of 25 K/100 ps. In this case, long-range interactions are described using PPPM that provides an accurate description of long-range interactions. For the PPPM simulations we use a cutoff of 12 Å to separate shortrange and long-range interactions and a convergence criterion of 10 −4 kcal mol −1 Å −1 and a 'slab' correction as included in LAMMPS [15] to minimize dipole-dipole interactions across the periodic boundary normal to the slab surface. Table 1 summarizes the various models, and their thermo-mechanical history and structures are shown in figure 3 .
The glass transition temperature of the bulk systems is characterized as 409 K with a cooling down of 20 K for every 100 ps to room temperature using NPT condition simulations. This prediction agreed with the experimental measurements of the a-PMMA T g of 387 K and s-PMMA T g of 404 K [25] . This provides an important validation of our molecular structures and the use of the DREIDING force field.
NPT cooling of slabs leads to a fast reduction of their cross-section above T g as the liquid flows to minimize its free surface area. Figure 4 shows the transverse simulation cell parameters as a function of temperature for slabs and bulk systems. For both system sizes (7210 atoms and 57 680 atoms) the transverse cell length of the slab decreases approximately 30% when it is cooled down from 600 to 525 K by 25 K per 100 ps. In contrast, the slab cross-sectional area is held fixed during NVT annealing leading to a buildup of residual stress during cooling for temperatures below T g . The annealing process affects the chain configurations in the solid, as will be discussed in section 4.
To further characterize the role of long-range electrostatic interactions in our predictions we performed a final thermalization of the T = 300 K slabs and bulk systems annealed using for both a 12 Å cutoff using PPPM, which provides an accurate treatment of the long-range Coulomb interactions. This final thermalization is 300 ps long. 
Molecular structures
To characterize the polymer's molecular structure we study the distributions of radii of gyration during the formation and annealing of the films. The temporal evolution of the radius of gyration of every chain in the large system deformed with a strain rate of 1.45 × 10 10 s −1 is shown in figure 5 during (i) deformation, (ii) thermalization at T = 600 K and (iii) annealing to room temperature (NPT with 25 K/100 ps). We single out six chains to track the evolution of the radius of gyration during the process. Each color in the graph represents the individual chains of the same color in the snapshots in figures 5(b)-(d).
As expected, the chains with the largest increase in the radius of gyration are those located in the neck region during deformation. Those chains coil back when the slab forms and reduce their R g . Interestingly, some of the chains with the largest increase in radius of gyration during deformation end up with very small radius in the slab as they finish coiled into themselves on the slab surface.
To better understand the molecular structure of the slabs we compute the radius of gyration normal to the free surface, defined as
and along the surface plane:
where r i is the position of atom i, r c is the center of mass position of the chain and N is the number of atoms. Figure 6 shows the distributions of R gZ and R gXY at various stages during the deformation and annealing process. The initial distributions before deformation are rather isotropic, figure 6(a), and R gZ increases significantly during uniaxial deformation, see figure 6 (b). After the high-temperature thermalization following deformation R gZ (normal to the surface) experiences a significant reduction as the highly elongated chains coil back and equilibrate. The transverse radius of gyration R gXY remains rather constant throughout the entire process. As discussed earlier a slight reduction in the mean radius of gyration (about 4%) is observed during the deformation process.
Figures 7(a) and (b) show the distributions of radii of gyration after NPT and NVT annealing to room temperature. The resulting molecular structure after NPT cooling is highly anisotropic. The reduction in the slab cross-section to minimize its free surface area leads to polymer chains elongated along the direction normal to the surface and becoming shorter in lateral directions. In contrast, the NVT-annealed slabs result in polymer chains elongated preferentially in the lateral direction rather than normal to the surface direction. These distributions resulting after the annealing procedure are rather stable within MD timescales and do not evolve significantly during the 300 ps long T = 300 K thermalization using a cutoff or the PPPM method. Figures 7(c) and (d) show the distribution of radii of gyration of bulk systems with different rates of annealing. In contrast with the slabs, their molecular structure does not show anisotropic distributions. We also computed the bond-orientational order parameter to characterize the degree of alignment of polymer chains. Bond-orientational order parameter A is defined as
where ϕ i is the angle between the sub-bond vector b i − (r i − r i−2 )/2 and the z-axis. The result of this analysis is shown in table 2. The parameter A represents the degree of alignment of polymer chains with the z-axis. Perfectly parallel chains would result in A = 1.0, random orientations in A = 0.0 and perpendicular to the z-axis would lead to A = −0.5. We see that 2.4 ns thermalization after deformation is enough time for the chains to achieve random orientations. Interestingly, slabs cooled down under constant stress show some degree of orientation in agreement with the radius of gyration analysis.
Slab properties

Density profiles
To analyze the density, we divide each simulation cell into 25 thin slabs (0.2-0.8 nm thick) and compute the density in each of them. Figure 8 shows the density profile of the slabs as a function of the z-axis after cooling and thermalization over 300 ps. Table 3 shows the density of each slab calculated from an average of 17 points in the center.
The annealing procedure has no appreciable effect on density despite the large change in molecular structures; we also find weak size dependence when we compare the density of different annealed slabs and different size slabs with larger slab density comparable to the bulk. Slabs annealed with NPT ensemble shrink in the in-plane direction to reduce their free surface area. The large system shrank by approximately 37% in width and the length of small systems shrank by about 29-31%. This surface area reduction leads to significantly different thicknesses in various structures depending on the annealing process. The thickness of the large NPT-annealed slab is approximately 2.2 times larger than the NVT-cooled slab; this ratio is in the range 1.73-1.83 for the small slabs. Dimensional information is organized in table 3. Despite the differences in processing and thickness NVT-and NPT-cooled small slabs exhibit . The large system cooled under NPT and NVT conditions also shows very different thickness but similar densities 1.31 ± 0.02 g cm −3 . These values are similar to the bulk predictions of 1.29-1.30 g cm −3 . These results are slightly larger than the experimental value of 1.18 g cm −3 [19] . Thus, the density of the thin films is not noticeably affected by the mechanical constraints during the annealing of the films.
Surface energy
The surface energy of the various slabs is computed as where E slab and E bulk are the total energy of the slab and bulk and A denotes the cross-sectional surface area of the simulation cell. Angle brackets indicate time average. The reference bulk energy corresponds to systems annealed at the same rate as the corresponding slab (but using NPT in all cases). As expected, the uncertainty in the calculated free surface energy, measured by its associated standard deviation, is large because it is obtained as the difference between two large numbers. The predictions of surface energy as a function of temperature are shown in figure 9 . We thermalized the 57 680-atom slab and bulk systems for an additional 200 ps for each temperature under NVT conditions for better statistics in the free surface energy calculation. Asterisks in figure 9 show the free surface energy as a function of temperature for large slabs cooled down under NPT conditions with a cutoff to describe electrostatics; diamonds show results for NPT cooling but with an accurate description of electrostatics using PPPM; finally, squares show results from NVT cooling. We observe a steep decrease in surface energy with decreasing temperature above the glass transition temperature for systems cooled down at a constant stress; below the glass transition temperature we observe a weak dependence of surface energy with temperature in the glass region. For slabs cooled under mechanical constraints (NVT) we predict a very gradual decrease in surface energy with decreasing temperature. The rapid decrease in surface energy coincides with the polymer flowing during cooling under constant stress conditions while mechanical constraint increases the energy of the slab, leading to a higher surface energy as compared with the NPT cases.
The Kirkwood-Buff equation [30, 31] provides an alternative approach to equation (4) to compute the surface tension of a liquid slab from normal and tangential stresses and we compare both approaches in the online supplementary material (stacks.iop.org/MSMSE/21/ 065010/mmedia). The Kirkwood-Buff surface energy values, obtained from NVT simulations, are slightly lower than those obtained using the energy difference approach (where the reference bulk systems are under zero stress) but otherwise show similar trends. A detailed analysis of the differences between the various methods used to compute surface energies for melts would be of interest but is beyond the scope of this paper where we focus on the resulting structure and properties of the resulting glass structures. Table 3 summarizes our free surface energy predictions at 300 K from a 300 ps-long simulation averaging over the last 80 ps. Our results, ranging from 40 to 80 mJ m −2 , are in good agreement with experimental data: Ozcan and Hasirci reported the surface free energy of PMMA by different approaches ranging from 30 mJ m −2 with the Berthelot method to ∼60 mJ m −2 with the harmonic mean method [20] . As mentioned above, we find no systematic effect of deformation rate on surface energy; however, the mechanical constraints during annealing have a clear effect. Our results indicate that samples annealed under NPT conditions exhibit a lower free surface energy than those annealed while constraining their volume (NVT). As mentioned above, NPT-annealed slabs elongate along their normal directions and their chains do so as well. This causes the density of van der Waals bonds on the free surface to be smaller than in cases with isotropic chain conformations due to higher chain curvature and more chain ends near the surface.
Discussion
Our simulations show that the mechanical constraints during annealing affect the molecular structure of thin polymer films. The flow of liquid samples above T g leads to an anisotropic distribution of the radius of gyration of the polymer chains. This information is relevant to the formation and annealing of polymer foams.
When polyimide foam samples are produced from poly(amic acid) (PAA) powder, the driving force for bubble growth initiation is the mechanical force associated with the pressure caused by the diffusion of the blowing agent into nuclei and is facilitated by the reduction in viscosity when the temperature reaches above the glass transition temperature of PAA. Thermal treatment around 150
• C leads to an amidation reaction, which causes an increase in viscosity and bubble growth terminates [21, 22] . Thus, during foam formation and annealing the polymer experiences a thermo-mechanical history similar to those in our simulation and our results shed light on the possible structural changes induced by processing.
Conclusions
We used molecular dynamics simulations to create PMMA slabs by high-temperature uniaxial deformation followed by annealing to room temperature. We find that the conditions of the annealing process have a strong effect on the molecular structure of the resulting slabs. Slabs annealed with mechanical constraints exhibit isotropic molecular structures; in contrast, cases where surface tension drives a reduction in surface area lead to flow and anisotropic molecular structures. These molecular changes affect the free surface energies; we find structures with chains elongated normal to the slab surface to have lower surface energies. The free surface energy range predicted by the simulations is in good agreement with experimental measurements.
